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ABSTRACT

Compelling evidence supports the existence of a profound immune dysregulation in patients with chronic
myeloproliferative neoplasms (MPN). Increased Arginase-1 expression has been described in MPN patients
and in solid cancers. This increase contributes to an immunosuppressive tumor microenvironment in MPN
patients because of L-arginine depletion by Arginase-1-expressing regulatory cells and cancer cells, which
subsequently limits the activation of circulating effector cells. In the present study, we demonstrate that
Arginase-1-derived peptides are recognized by T cells among peripheral mononuclear blood cells from
MPN patients. We characterized the Arginase-1-specific T cells as being CD4" and found that the
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magnitude of response to the Arginase-1 peptides depends on disease stage. Activation of Arginase-1-
specific T cells by vaccination could be an attractive novel immunotherapeutic approach to targeting
malignant and suppressive cells in MPN patients in combination with other immunotherapeutics.

Introduction

The Philadelphia chromosome-negative chronic myeloprolifera-
tive neoplasms (MPNs) are neoplastic disorders of the hemato-
poietic stem cells and are characterized by overproduction of
terminally differentiated blood cells that are not fully functional."
There are three main entities of the MPNs — polycythemia vera
(PV), essential thrombocythemia (ET), and primary myelofibrosis
(PMEF), though boundaries between these three disorders are not
well established." A gain-of-function mutations in Janus kinase 2
(JAK2V617F) is found in 98% of PV and 50-60% of ET and PMF
patients,” and a gain-of-function mutation in the calreticulin gene
exon 9 (CALR) is found in 50-60% of wild-type JAK2 ET patients
and 75% of wild-type JAK2 PMF patients.*> As we previously
described, these mutations are recognized by specific T cells and
could be promising new targets for immunotherapy.®’

Even though specific T cells recognize these mutations,”’
patients with MPN do not eliminate the malignant cells,
which evade immune-mediated destruction. Thus, it has
been speculated that patients with MPN have a dysregulated
immune system.*” The enzyme Arginase-1 not only plays an
essential role in metabolism but also contributes to immune
regulation in cancer by regulating L-arginine metabolism in
an immunosuppressive manner. Arginase-1 hydrolyzes the
amino acid L-arginine to urea and L-ornithine, depleting the
tumor microenvironment from L-arginine and limiting T cell
activation, leading to immune suppression.'®'" Arginase-1 is
expressed by tumor cells as well as the immune system’s own

regulatory cells, such as myeloid-derived suppressor cells
(MDSCs). MDSCs are recruited by tumors to escape immune
surveillance using their increased expression of Arginase-1."*
' Wang and colleagues have recently described an increased
amount of Arginase-1-expressing MDSCs in MPN patients
and shown that MDSCs from patients with MPN are
increased in amount and have a more suppressive function
than MDSCs from healthy donors."*

Recent evidence supports the view that regulatory T cells
retain both suppressor and effector capabilities. We previously
reported that self-reactive pro-inflammatory T cells, termed
anti-regulatory T cells,”” can specifically target immune sup-
pressive cells in both the periphery and the tumor microenvir-
onment. This capacity suggests the existence of immune system
mechanisms that counteract the immune suppressive feedback
signals mediated by regulatory cells. Recently, we described
Arginase-1-specific T cells that can recognize target cells in a
Arginase-1 dependent manner.'® Thus, in the present study, we
examined if Arginase-1-specific T cells are present in MPN
patients, and we describe the relationship between Arginase-
1-specific T-cell responses and patient clinical data.

Materials and methods
Patients and blood samples

A total of 30 MPN patients were recruited in accordance with
the protocol approved by the Scientific Ethics Committee for
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the Capital Region of Denmark. Before study entry, written
informed consent was obtained from the patients. Blood sam-
ples were drawn, and PBMCs were isolated using
Lymphoprep™ (Axis Shield, Oslo, Norway) separation and
frozen in fetal calf serum with 10% dimethyl sulfoxide (Sigma-
Aldrich, St. Louis, MO, USA) until the day of culturing.

Peptides

Epitopes from the Arginase-1 protein were selected from the
entire Arginase-1 sequence upon screening of a peptide library
covering the entire Arginase-1 sequence.'® For this study, three
overlapping Arginase-1 peptides were used: Argl-18
(AKDIVYIGLRDVDPGEHYIL),  Argl-19 (DVDPGEHY
ILKTLGIKYFSM), and Argl-20 (KTLGIKYFSMTE
VDRLGIGK). For the ex vivo ELISPOTs and the intracellular
cytokine stain, the Argl-18 peptide was replaced by Argl-18-1
(AKDIVYIGLRDVDPGEHYI). This sequence is identical to
that of Argl-18 except for the missing L in the C-terminal.
The Argl-18-1 peptide can be used in mouse studies as well as
studies with human cells. All peptides were delivered by Schafer
(Copenhagen, Denmark) and dissolved in 10 mM dimethyl
sulfoxide.

IFNy ELISPOT assay

Two types of ELISPOT were conducted in this study. In the in
vitro ELISPOT, the PBMCs were thawed and stimulated with
the respective Arginase-1 peptide in vitro to enhance assay
sensitivity. A total of 120 U/mL interleukin-2 (Peprotech,
London, UK) was added to the cells on day two, and cells
were cultured for one week before the assay. In the ex vivo
ELISPOT, the cells were thawed, incubated, and rested over-
night before the assay, thus without prior in vitro peptide
stimulation. The 96-well nitrocellulose-bottomed plates
(Millipore, Burlington, MA, USA) were coated with anti-
IFNy antibody (Mabtech, Nacka Strand, Sverige) for two
days at 4°C. The wells were washed and blocked with
X-VIVO media for two hours before the addition of the
cultured effector cells in triplicates with 3*10A5 cells per
well with or without the respective peptide (5 uM). The plates
were incubated overnight. The following day, the effector cells
were discarded and the plates washed before the biotinylated
secondary IFNy antibody (Mabtech, Nacka Strand, Sverige)
was added. The plates were washed again before addition of
Streptavidin-AP (Mabtech, Nacka Strand, Sverige) and
washed for the last time before the enzyme substrate BCIP/
NBT (Mabtech, Nacka Strand, Sverige) was added to the wells
to visualize IFNy-secreting cells. The spots were counted
using the CTL ImmunoSpot S6 Ultimate-V analyzer with
ImmunoSpot software, version 5.1.

Intracellular cytokine stain

To detect cytokine production by T cells, we used an intracel-
lular cytokine stain. First, the cells were thawed and cultured in
the presence of the respective peptide and interleukin-2. After
one week of culturing, the cells were plated in triplicates in a
round-bottomed 96-well plate, with 3*1075 cells per well. The

cells were stimulated with their respective peptide, and as a
control, some were left unstimulated. The cells were incubated
for five hours. After one hour of incubation, GolgiPlug (BD
Biosciences San Jose, CA, USA) was added (1:1000 dilution).
The wells were then washed twice with phosphate-buffered
saline, stained with fluorochrome-conjugated extracellular anti-
bodies specific for the surface markers CD3-APC-H7, CD4-
FITC, and CD8-PerCP (BD Biosciences San Jose, CA, USA),
and dead cells were stained using FVS510 (564,406, BD
Biosciences) according to manufacturer’s instructions.
Incubated for 30 min. Cells were then washed in FACS buffer
and fixed and permeabilized with fixation/permeabilization and
permeabilization buffer (Life Technologies, Carlsbad, CA,
USA). Next, cells were stained with fluorochrome-conjugated
intracellular antibodies specific for the cytokines TNFa-BV421
and IFNy-APC (BD Biosciences San Jose, CA, USA). Flow
cytometry analysis was conducted using a FACS Canto II.

Statistical analysis

Definition of ELISPOT responses was based on the guidelines
provided by Moodie and colleagues.'” The DFR method
described here was used for statistical analysis of triplicates.
DFR, p < 0.05 (*) and DFRx2, p < 0.01 (**) were considered
statistically significant. All comparisons between group mean
with p < 0.05 (*) and p < 0.01 (**) were analyzed by the
Mann-Whitney U test using the statistical software package
Prism version 7 (GraphPad Software Inc., San Diego, CA,
USA). Error bars denote the standard error of the mean.

Results
Patient characteristics

Thirty patients diagnosed with MPN according to the WHO
2016 MPN classification' were included in this study. Of the
30 patients, five were diagnosed with ET, nine with PV, four
with prefibrotic myelofibrosis (PreMF), and 12 with PMF. Of
the group, 14 (47%) had JAK2 mutations, 15 (50%) had CALR
mutations, and one (3%) had a myeloproliferative leukemia
virus mutation. The anti-proliferative treatment administered
to the patients was very heterogeneous as 10 patients (33%)
were treated with interferon-alpha, 6 patients (20%) were
treated with anagrelide, 3 patients (10%) were treated with
hydroxyurea, 3 patients (10%) were treated with anagrelide
and hydroxyurea in combination, one patient (3 %) was
treated with ruxolitinib, and seven patients (23%) did not
receive any medical anti-proliferative treatment.

Strong and frequent responses towards different
Arginase-1 epitopes

First, we scrutinized MPN patients for interferon (IFN)y
responses upon stimulation with three Arginase-1 peptides,
which in an earlier study from our group incited a strong
immune response in patients with malignant melanoma and
multiple myeloma.'® Of interest, all three peptides elicited
strong responses in in vitro ELISPOTs (Figure la). After
these intriguing results, we analyzed a total of 30 MPN



patients and observed statistically significant responses against
all three peptides (Figure 1b). Argl-19 showed more immune
responses compared to the two other peptides as defined
statistically by distribution-free resampling (DFR; DFRx2)
(Table 1).

Two assays were conducted for the same four patients
(two diagnosed with ET, two diagnosed with PV), one with
24 hours of incubation and one with 48 hour of incubation
to increase the sensitivity of the assay. For the 24-hour-
incubated ex vivo ELISPOT, a DFR-defined response
towards Argl-19 or Argl-20 was detected in two of the
four patients. For the 48-hour-incubated ex vivo ELISPOT,
a DFR-defined response against Argl-18-1 was detected in
two patients (Figure 2a), and one patient showed a DFR-
defined response towards both Argl-18-1 and Argl-19
(Figure 2b).
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Arginase-1-specific t cells are CD4™ t cells

To identify the phenotype of the Arginase-1-specific T cells, we
performed intracellular cytokine staining in four ET patients, four
PV patients, and three PreMF patients with solid IFNy ELISPOT
responses (no PMF patients were included due to low responses in
these patients in ELISPOT). Ten of the 11 analyzed patients
demonstrated an  Arginase-1-specific immune response
(Figure 3). All responses were identified in CD4" T cells, and the
strongest responses were against Argl-19. The median proportion
of tumor necrosis factor (TNF)o/IFNy-secreting T cells (Figure 3b,
bottom) was 0.051% in the peptide-stimulated cells vs. 0.0068% in
the control (p = 0.0012), and the median amount of TNFa-secret-
ing cells (Figure 3b, top) was 0.46% vs. 0.21% in the control
(p = 0.013). There was no statistically significant difference in
levels of IFNy-secretion (Figure 3b, middle).
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Figure 1. Arginase-1 epitopes are recognized by MPN patient PBMCs. In vitro IFNy ELISPOT screening of responses against three Arginase-1 epitopes. A) Examples of
responses against the three Arginase-1 epitopes. B) ELISPOT results from the whole MPN patient cohort (n = 25). Each data point represents the average number of
Arginase-1-specific spots, after subtraction of the mean number of spots from wells without added peptide. This value was calculated per 3*10A5 PBMCs per well.
Negative average values were set to zero. The number of DFR and DFRx2 responses to each peptide is indicated in Table 1.

Table 1. Statistics for Arginase-1 responses in MPN patients. The distribution-free
resampling (DFR) method was used for statistical analysis of triplicates. DFR,
p < 0.05 and DFRx2, p < 0.01 were considered statistically significant.

DFR DFRx2
Arg1-18 n=25 14 56% 4 16%
Arg1-19 n=25 12 48% 7 28%
Arg1-20 n=25 1 44% 1 4%

Patients with advanced disease show weaker responses

Earlier we showed that patients with ET harbor more frequent
immune responses to CALR mutant epitopes compared to
patients with PMF, which is in line with the theory on cancer
immune editing, where advanced cancer can dampen the
immune response.'®'” Therefore, we chose to investigate if
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Figure 2. Spontaneous recognition of Arginase-1 epitopes by MPN patients PBMCs. 48-hour ex vivo IFNy ELISPOT screening of Arginase-1 responses in MPN patients.
9*10A5 cells per well. A) patients diagnosed with PV; B) patient diagnosed with ET.
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Figure 3. Arginase-1-specific T-cell responses are CD4* T cells. Flow cytometry plots were gated on live CD4™ T cells. A) Intracellular cytokine staining with a CD4* T
cell gate demonstrates strong TNFa* and IFNy*/TNFa™ (double positive; DP) responses against the three Arginase-1 epitopes in MPN patients PBMCs. B) Bar chart
showing the difference in the release of TNFa (top), IFNy (middle), and TNFa/IFNy (bottom) between cells stimulated with Arginase-1 peptide or no peptide.

patients with ET or PV harbor more frequent Arginase-1
responses compared to patients with PMF. We identified a
tendency for patients diagnosed with ET to mount better
IFNy responses upon stimulation with Arginase-1 peptides
compared to the more progressed diseases PV, PreMF, and
PMF (supplementary figure). To elucidate this tendency, all
responses towards the three Arginase-1 peptides were then
pooled according to diagnosis, and Mann-Whitney U test
analyses were performed (Figure 4). PreMF responses are

not included here because the cases were too few (n = 4).
The statistical analysis demonstrated a significant (p = 0.010)
decrease in responses in the PMF patients compared to the ET
patients (Figure 4), indicating that patients diagnosed with the
more aggressive PMF disease have a more compromised
immune response compared to ET patients. The PV patients
seemed to have the lowest response.

To elucidate the effect of the mutational status on the
disease, we pooled all IFNy responses according to mutational
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Figure 4. Differences in the strength of Arginase-1 epitope recognition accord-
ing to MPN diagnoses. In vitro IFNy ELISPOT data according to diagnosis (ET:
n =5; PV: n = 8; PMF: n = 9). Each data point represents the average number of
arginase-1-specific spots, after subtraction of the mean number of spots from
wells without added peptide. This value was calculated per 3*10A5 PBMCs. The
Mann-Whitney U test was used to compare group means.

status and performed statistical analysis once again
(Figure 5a). In this analysis, we identified no significance.
The occurrence of Arginase-1-specific immune responses was
correlated with the patient clinical data (Table 2), where an
Arginase-1-specific immune response was defined as a response
against two or more of the three evaluated peptides. An Arginase-
1-specific immune response was seen in 5/5 (100%) of patients
with ET, 7/9 (78%) of patients with PV, and 5/12 (42%) of patients
with PMF. The patients were then divided into two new groups:
non-PMF and PMF. An Arginase-1-specific immune response
was seen in 3/18 (17%) of patients with non-PMF vs. 7/12 (58%)
of patients with PMF (p = 0.045). There were no statistical differ-
ence between Arginase-1 responders and non-responders accord-
ing to sex, hematological response, anti-proliferative treatment,
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median age at diagnosis, median age at blood sampling, or median
disease duration.

Mutational status affects Arginase-1 peptide responses in
PMF patients

Because PMF patients seemed to show better responses to the
Arginase-1 peptides than the PV patients did, we investigated
whether the Arginase-1 responses could be affected by the muta-
tional status of only the PMF patients. To compare the JAK2
(n = 3) and CALR (n = 9) mutation PMF patient groups, we
again pooled the Arginase-1 responses according to mutational
status and used the Mann-Whitney U test to compare the two
groups. The result showed a significant difference between them
(p = 0.019) (Figure 5b). In the same analyses for the other
diagnostic groups, we found no significance (data not shown).

Discussion

There is now compelling evidence describing a profound
immune dysregulation in patients with MPN,* leading to the
speculation that MPN may evolve and progress due to a defect in
tumor immune surveillance.’ In solid cancers, L-arginine deple-
tion by Arginase-1-expressing regulatory cells and cancer cells is
an important contribution to an immunosuppressive tumor
microenvironment, which subsequently limits the activation of
circulating effector cells.'”'" High Arginase-1 expression in the
peripheral blood of MPN patients was recently described.'*
Specific targeting of such Arginase-1-expressing regulatory
cells could potentially restore the arginine balance, leading to T
cell proliferation and decreased immune suppression in the
tumor microenvironment. In this study, we report that
Arginase-1-derived peptides were recognized by peripheral
blood mononuclear cells (PBMCs) from MPN patients. We
show that patients with MPN harbor spontaneously occurring
Arginase-1-specific T cells, which could possibly be used to
enhance the tumor-specific immune responses just recently
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Table 2. Statistics for clinical data on all patients included in the study. A response is defined as at least one DFR response against more than one
of the three Arginase-1 peptides. The diagnoses ET, PV, and PreMF are defined as non-PMF. Disease duration was calculated from the date of

diagnosis to the date of calculation.

Response (%) No response (%) P value
Sex 0.43
Female 14 (74) 5 (26)
Male 6 (55) 5 (46)
Diagnosis 0.1
ET 5 (100) 0 (0)
PV 7 (78) 2 (22)
PreMF 3 (75) 1(25)
PMF 5(42) 7 (58)
Diagnosis (non-PMF vs. PMF) 0.045
Non-PMF 15 (83) 3(17)
PMF 5 (42) 7 (58)
Mutation type 1.00
CALR 10 (67) 5(33)
JAK2V617F 9 (64) 5 (36)
Hematological response 0.078
Response 17 (77) 5(23)
Stable disease or progression 3 (38) 5(62)
Median age at diagnosis 54 56 1.00
Median age at blood sampling 66.5 61 0.70
Median disease duration, years 7 7.5 1.0

described in MPN.” The high numbers of Arginase-1-specific T
cells in MPN patients were especially detected in response to the
Argl-19 peptide, indicating that this peptide includes a more
immunogenic epitope within the Arginase-1 protein in MPN. It
was especially noteworthy that we could measure specific T-cell
responses directly ex vivo. The detection of tumor-associated
antigen-specific T cells either by tetramer staining or by
ELISPOT in PBMCs directly ex vivo without an in vitro peptide
stimulation have been rare.*” Patients with MPN spontaneously
demonstrate strong immune responses towards Arginase-1 ex
vivo, which implies that the immune system in MPN can selec-
tively target regulatory cells and thus enhance the anti-tumor
immune response. We found more frequent 48-hour than 24-
hour ex vivo responses, indicating a slow processing and pre-
sentation of the peptides. This effect could be explained by the
use of long peptides, where the antigen-presenting cells need to
process the peptides through the endoplasmic reticulum, which
is why we also saw CD4" T-cell responses and no CD8" T-cell
responses. From the responding CD4" T cells, we identified
frequent IFNy and TNFa responses upon stimulation with
three different Arginase-1 peptides. It is possible that Arginase-
1 peptides are presented on class I HLA-molecules and subse-
quently, CD8" T-cell responses are evident if the cells have a
longer period to process and present the peptides.'® The absence
of CD8" T-cell responses could also result from defective pro-
cessing and assembly of the class I HLA:antigen complex, as the
chaperone calreticulin plays a key role in the loading of HLA
class I molecules, and a defective complex may not be exported
from the endoplasmic reticulum to the Golgi apparatus.*® Thus,
the CALR mutation might lead to lower expression of class I
HLA-molecules and thus no CD8" T-cell responses. However,
this will naturally only impact the malignant cells.

To analyze the ELISPOT data according to MPN diagnosis,
we divided the detected responses accordingly. We found that
ET patients showed higher IFNy responses upon stimulation
with Arginase-1 peptides compared to the more progressed
diseases PV and PMF. Because the strength of the immune

response decreases as the disease evolves, these results suggest
that the cancer cells may be held in equilibrium by the immune
system (ET patients) and then escape to the metastatic dissemi-
nated stage (PMF patients). The above differences clearly show a
trend supporting the notion that advanced cancer suppresses the
immune system and thus evades immune-mediated destruction.
To address this important notion we are planning a study look-
ing at Cytomegalovirus (CMV) responses according to MPN
diagnosis. The results also fit with the clinical data in which ET
patients had a total response compared to the PMF patients,
among whom only half showed a response. Furthermore, the
PMF patients who showed the highest immune responses
against the Arginase-1 epitopes harbored CALR mutations,
which could explain why patients with CALR-mutant PMF
have markedly longer survival than their JAK2V617F mutant
counterparts.”* We speculate that the low frequency of immune
responses detected in this group is attributable to patients having
a higher allele burden because they have a more compromised
immune system. Furthermore, as with MDSCs, the JAK2 muta-
tion induces accumulation of reactive oxygen species.”>*° Thus,
the high mutated allele burden results in accumulation of reac-
tive oxygen species, which may subsequently decrease T cell
reactivity. This conclusion is substantiated by our data in
which the patients with JAK2-mutated PMF showed almost no
Arginase-1-specific immune responses. Our clinical data also
show that anti-proliferative treatment does not influence on
the occurrence of Arginase-1-specific immune responses. But
given the very heterogeneous treatment administered to our
group of patients it should not be excluded, that treatment
with immune-stimulatory agents such as IFNa could instigate
an Arginase-1-specific immune responses.

We recently reported that both the JAK2V617F and CALR
exon 9 mutations are potential targets for cancer immune
therapy.>'>*" In our opinion, co-vaccination with JAK2 mutant/
CALR mutant epitopes and Arginase-1 epitopes might be syner-
gistic. The desired effects of therapeutic cancer vaccines might be
antagonized by immune suppressive cells, in which case the



addition of Arginase-1 epitopes could be highly synergistic and
easily implemented. Activating Arginase-1-specific T cells in a
therapeutic setting is interesting because Arginase-1-expressing
myeloid cells contribute to an immunosuppressive tumor micro-
environment that prevents effector lymphocyte proliferation.'®!!
Specifically targeting Arginase-1-expressing myeloid cells (e.g.,
neutrophils, MDSCs, and tumor-associated macrophages) could
potentially induce T-cell infiltration at the tumor site. In this
scenario, Arginase-1 vaccination could induce Th1 inflammation
at tumor sites where regulatory myeloid cells otherwise prevent
lymphocyte infiltration, enabling mutant-specific T cells to func-
tion at the location. Concurrently, vaccination with JAK2 mutant/
CALR mutant peptides would induce and activate T cells specific
for JAK2 and CALR mutant cells.

Accumulation of myeloid regulatory cells in the bone marrow
of MPN patients restricts T-cell accumulation within the vicinity
of cancer cells. These suppressive cells are a major factor in limiting
the efficacy of checkpoint blockade to only a small fraction of
patients with solid cancer. Our characterization of Arginase-1-
specific T cells in MPN may also lead to a translatable strategy
for improving checkpoint blockade efficacy by activating specific T
cells that react to regulatory cells at the tumor site including tumor
cells, and induce local inflammation. We hypothesize that a vac-
cine activating Arginase-1-specific T cells would attract T cells into
the tumor, inducing Thl inflammation, which would further
induce PD-L1 expression in cancer and immune cells, generating
targets more susceptible to anti-PD-1/PD-L1 immunotherapy.
Likewise, these measures would make patients more susceptible
to vaccines targeting the mutated CALR or JAK2, as discussed
above. Taken together, combinatorial immune therapy including
an Arginase-1 vaccine could be an attractive and novel way to treat
MPN patients.
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